Whole blood samples (N = 295) were obtained from different locations in Amazonas and Sucre States, in Venezuela. Malaria was diagnosed by microscopy, OptiMAL™ and polymerase chain reaction (PCR), with Plasmodium vivax, P. falciparum, and P. malariae being detected when possible. We identified 93 infections, 66 of which were caused by P. vivax, 26 by P. falciparum, and 1 was a mixed infection. No infection caused by P. malariae was detected. The sensitivity and specificity of each diagnostic method were high: 95.7 and 97.9% for microscopy, 87.0 and 97.9% for OptiMAL, and 98.0 and 100% for PCR, respectively. Most samples (72.2%) showed more than 5000 parasites/µL blood. The sensitivity of the diagnosis by microscopy and OptiMAL decreased with lower parasitemia. All samples showing disagreement among the methods were reevaluated, but the first result was used for the calculations. Parasites were detected in the 6 false-negative samples by microscopy after the second examination. The mixed infection was only detected by PCR, while the other methods diagnosed it as P. falciparum (microscopy) or P. vivax (OptiMAL) infection. Most of the false results obtained with the OptiMAL strip were related to the P. falciparum-specific band, including 3 species misdiagnoses, which could be related to the test itself or to genetic variation of the Venezuelan strains. The use of the microscopic method for malaria detection is recommended for its low cost but is very difficult to implement in large scale, population-based studies; thus, we report here more efficient methods suitable for this purpose.
Introduction
Malaria is the most important human parasitic disease throughout the tropical and subtropical regions of the world due to is high prevalence and mortality rate. In Venezuela, malaria is also a great concern, with 46,244 cases being reported in 2004, mainly from Sucre (10.26%), Bolivar (59.63%), and Amazonas (23.18%) States (1) . Detailed knowledge of the incidence and transmission dynamics of the Plasmodium species in our region is the key to design effective measures for malaria control and the treatment schemes to be used. Medical and microscopic diagnoses are universally used for the collection of epidemiological data. The standard microscopic diagnosis of malaria requires a relatively short time when the parasites are present in high numbers (≥1000 parasites/µL), but if parasitemia is very low, more than 10 min are needed to examine each slide, which is often the case in endemic areas for malaria or when drugs are taken inappropriately (2) .
On the other hand, the immunodiagnostic tests used for the detection of Plasmodium are easy to use and can produce fast results, but they usually have lower sensitivity and specificity than conventional microscopic examination. Many of them have been designed to specifically detect P. falciparum and some of them can detect the other malaria species non-specifically. Among the most common immunodiagnostic tests available are the Parasight F-test (Becton-Dickinson Advanced Diagnosis, Franklin Lakes, NJ, USA) which detects P. falciparum specifically using an IgG1 monoclonal antibody that recognizes the parasite histidinerich protein 2 (3); the ICT Malaria Pf/Pv (AMRAD, Frenchs Forest, New South Wales, Australia) and its new version NOW ICT Malaria Pf/Pv (Binax, Inc., Portland, ME, USA), which work according to the same principle but use an IgM monoclonal antibody specific for P. falciparum as well as an antibody against the Plasmodium aldolase (4) , and OptiMAL (DiaMed, under license from Flow, Inc., Portland, OR, USA) which is based on the detection of the parasite lactate dehydrogenase, an enzyme produced only by live parasites, and not a residual metabolite such as parasite histidinerich protein 2, which can thus detect active infection, being useful for the monitoring of antimalarial drug therapies (5, 6) .
Finally, the use of molecular biology for the diagnosis of malaria has proved to be highly sensitive for the detection of the disease, but the equipment required is not widely available in many of the endemic areas and the protocol is more complex and needs better trained technicians. The use of the polymerase chain reaction (PCR), however, is extremely useful for decision making in disease control and treatment, for example, for the detection of mixed infections which play a modulatory role in the severity of the symptoms (2, 7, 8) . The greatest advantage, however, is the ability of PCR to detect infections with parasitemia as low as 5 parasites/µL blood (9,10). However, there are some problems with false-negative results when the DNA isolation protocol is not appropriate (5,11); for example, not removing the inhibitors from the sample and not preventing the action of enzymes that degrade DNA.
Due to the increase of malaria cases in the last years in the regions of Venezuela where malaria is endemic, we decided to carry out a study to evaluate three different diagnostic methods applied to individuals from Sucre and Amazonas States, which represent the extremes of the Southeastern endemic region of the country, with the highest prevalence values in Venezuela, after Bolivar State.
Material and Methods
We evaluated three diagnostic methods for the detection of malaria infections. A (Figure 1) . Samples from Cangua, San Fernando de Atabapo, and Santa Barbara were taken at random from individuals living in those communities; the rest of the samples were obtained by active searches for positive samples at different places, except for the samples from Cumaná, which were from blood bank donors known to be free of malaria infection and were used as negative controls. Blood samples were taken intravenously from symptomatic and asymptomatic individuals of both genders and different age groups, who agreed to participate in this study by signing a consent form, and who received an immediate diagnostic result (both microscopic and OptiMAL tests) and the corresponding treatment. Samples to be used for PCR were stored frozen with EDTA at -20ºC until use. Two drops of blood were also taken from the ear to prepare thick and thin smears for microscopic diagnosis after standard Giemsa staining, by analyzing the slides under a 100X objective. Samples with no visible parasites after scoring 100 fields were considered to be negative for this test. Parasitemia (parasites/µL) was determined by counting the number of parasites present in the thick blood smear in relation to 500 white blood cells and using 8000 white cells per µL of blood (5) as a reference.
Additionally, an immunochromatographic diagnosis was carried out using the OptiMAL ® strip (Flow Inc., Portland, OR, USA) according to manufacturer instructions. This test is based on a membrane coated with monoclonal antibodies specific for parasite lactate dehydrogenase, an enzyme produced by metabolizing malaria parasites. Briefly, a drop of blood is added to www.bjournal.com.br control line that should be present at the top of the strip to demonstrate that it is functional. A second line, adjacent to the positive control line, indicates the presence of a Plasmodium parasite (P. falciparum, P. vivax, P. ovalae, or P. malariae). A third line indicates a positive infection with P. falciparum, containing specific antigens.
Finally, molecular biology diagnosis was carried out using the amplification of the 18S rRNA genes with primers specific for P. falciparum, P. vivax, and P. malariae (2) . For this, total genomic DNA was extracted from blood samples using the Wizard Genomic DNA extraction kit (Promega Corp., Madison, WI, USA) according to manufacturer instructions. Briefly, 150 µL of blood was mixed with 450 µL of cell lysis solution and incubated for 10 min at room temperature. The white blood cells and parasites were isolated by centrifugation and then mixed with 150 µL nucleus lysis solution. Fifty microliters of protein precipitation solution was added and vortexed for 20 s. The protein pellet was eliminated by centrifugation and the DNA was precipitated with isopropanol, washed with 70% ethanol and then dried and hydrated with Tris-EDTA buffer. We used a DNA sample from a patient from Yaguaraparo as the PCR-positive control for the amplification of the P. vivax fragment, as well as DNA from the cultured strain FCB (Instituto de Inmunología, Universidad Central de Venezuela, Caracas, Venezuela) of P. falciparum as the PCRpositive control for the amplification of this species fragment.
Amplification was done in a 25-µL volume using Taq polymerase buffer (10 mM Tris-HCl, pH 9.0, 50 mM KCl, 0.1% Triton X-100), 200 µM of each dNTP, 0.75 U Taq polymerase (Promega Corp.), either 1 mM MgCl 2 (for P. vivax) or 3 mM MgCl 2 (for P. falciparum and P. malariae) and 2 µL of diluted DNA (about 100 ng). PCR was performed individually for each species using the previously published oligonucleotides at a concentration of 175 nM. The program used for the amplification included a modification of the original program (2), with the first 10 cycles containing one step of denaturation at 94ºC for 1 min, one step of annealing at 54ºC for 2 min and one step of polymerization at 72ºC for 2 min. Next, 35 cycles were used with denaturation at 94ºC for 45 s, annealing at 56ºC for 90 s and polymerization at 72ºC for 1 min. A final extension at 72ºC for 10 min was then carried out. This modification improved the intensity of the signal while decreasing the background noise of the amplification.
Because no method was used as a gold standard, the sensitivity and specificity of each test were estimated indirectly using maximum likelihood calculations, obtained by Newton-Raphson and Expectation-Maximization algorithms available in the Webbased software TAGS (http:/www.epi.ucdavis. edu/diagnostictests/tags.html), which was designed for the evaluation of test accuracy in the absence of a gold standard (12) . To run this program, the total number of individuals was divided into three populations: individuals with unknown infection status (Cangua, San Fernando de Atabapo, and Santa Barbara), those known to be infected and those known to be uninfected. The estimates of the prevalences used for input in the software were those calculated with the actual data and the estimates of the sensitivities and specificities of each method were the diagnostic agreements calculated as sensitivities and specificities using the true-positive and negative results. True results were identified by the agreement of all three methods, since the false-negative and positive results were found to be in agreement with the other two diagnostic tests after a second test/examination of all three methods. Mixed infections were scored as two separate infections to facilitate the calculations, and the misdiagnoses were considered to be false-negative results since treatment for the wrong species will not eliminate the infection due to the differences in parasite resistance (13) . 
Results
We detected 93 cases of true malaria infection among the 295 samples evaluated, 66 of which were caused by P. vivax, 26 by P. falciparum and one was caused by both species. In the population-based study carried out in Sucre, there was a prevalence of 2% for P. vivax infection and no cases of P. falciparum or P. malariae, as expected from previous reports. In the population-based study carried out in Amazonas, the prevalences of 12.2% for P. vivax and 15.4% for P. falciparum infection were detected. No infection caused by P. malariae was detected by PCR or microscopy.
The microscopic diagnosis for malaria showed a high sensitivity (95.7%) but somewhat lower than for PCR (98.0%), and both higher than for OptiMAL (87.0%), with these differences being statistically significant (Table 1) . Specificity values were high (≥98%) for all methods either for speciesspecific or nonspecific diagnosis.
When comparing the microscopic and PCR methods, there was agreement in the diagnosis of 85 positive and 199 negative samples (Table 2) . Two samples were positive for P. vivax by microscopy and negative by PCR. Of these, one was a true-positive for microscopy undetected by PCR, and one was a false-positive for microscopy. Similarly, three samples were positive for P. falciparum by microscopy and negative by PCR. Of these, 1 was a true-positive for microscopy which went undetected by PCR, and 2 were false-positives for microscopy. The 2 false-negative results obtained by PCR were reanalyzed (new DNA extraction and amplification) and found to be positive. The false-positive and -negative results obtained by microscopy were rescored by a highly trained microscopist (Malaria Reference Center) who found either parasites or no sign of infection, agreeing with both the first and second PCR analysis, as well as with the OptiMAL test. Additionally, one sample Sensitivity and specificity were calculated according to the criteria stated in the Material and Methods section. (Table 3) , we found agreement in the diagnosis of 77 positive and 199 negative samples. One sample positive for P. vivax by OptiMAL and negative by PCR was shown to be a P. vivax false-negative result by PCR. Similarly, four samples found to be positive for P. falciparum by OptiMAL, failed to be diagnosed by PCR. Three of these were found to be negative when retested by PCR and OptiMAL, and one was the true-positive not detected by PCR discussed above. Additionally, three samples which originally tested positive for P. vivax and one that tested positive for P. falciparum were retested by OptiMAL and PCR and found to be positive for P. falciparum and P. vivax, respectively (species misdiagnosis), agreeing with the original PCR and microscopic results. Finally, 5 samples infected with P. vivax and 4 with P. falciparum were diagnosed as negative by OptiMAL. Retesting of these samples agreed with the original PCR and microscopic results. Mixed infection with P. vivax/P. falciparum was detected as a P. vivax infection by OptiMAL and as a P. falciparum infection by microscopy. The results for the 28 (9.5%) samples with disagreement in the diagnosis by any method were concordant after retesting.
When comparing the OptiMAL and microscopic methods (Table 4) , there was agreement in the diagnosis of 80 positive and 199 negative samples. Two samples were found to be positive for P. vivax by OptiMAL and negative by microscopy. Similarly, one sample found to be positive for P. falciparum by OptiMAL was diagnosed as P. vivax by microscopy; all three samples were species misdiagnoses by OptiMAL. Additionally, of 4 samples that were negative by microscopy 2 tested positive for P. vivax and 2 for P. falciparum, while of the 9 negative samples that tested negative by OptiMAL 4 tested positive for P. vivax and 5 for P. falciparum.
Most of the samples (72.2%) contained more than 5000 parasites/µL blood, while 20.2% were between 500-5000 parasites/µL and 7.4% showed 50-500 parasites/µL and none was found showing fewer than 50 parasites/µL ( Table 5 ). The diagnostic agreement of the microscopic examination and These values were calculated according to the criteria stated in the Material and Methods section. OptiMAL test decreased with lower parasitemia, but the PCR test showed the highest diagnostic agreement when samples had 50-500 parasites/µL. The mixed infection showed a high number of P. vivax parasites (higher than 5000 parasites/µL) but a low number of P. falciparum parasites (less than 500 parasites/µL).
Discussion
Even though conventional microscopy is the reference method and the one most used for the diagnosis of Plasmodium spp, its sensitivity and specificity are limited to the number of tests that can be analyzed per microscopist and his/her training, especially for low-parasite densities, when more time is needed for an accurate diagnosis (2, 14) . These limitations could explain the false results obtained in the microscopic diagnosis of the endemic populations of Sucre and Amazonas.
Zaman et al. (15) suggested that the greatest disadvantage of the microscopic diagnosis is the possibility of misdiagnosis of Plasmodium species, particularly for low parasitemia, mixed infections and when only ring forms are seen. Postigo et al. (16) reported that false-negative results by microscopy for P. vivax are probably due to very low parasitemia which is very difficult to detect by routine microscopic methods. This agrees with the present study, where most of the false-negative results were obtained for parasitemia lower than 500 parasites/µL.
The significantly lower sensitivity of the OptiMAL test agrees with many reports from Afghanistan, Turkey, Kuwait, Honduras, and Peru (17) (18) (19) (20) (21) in which the test showed sensitivities ranging from 79.3 to 94% but specificities ranging from 97 to 100%. Other studies from Thailand, USA, Honduras and Colombia (22) (23) (24) (25) have shown sensitivities and specificities close to 100%, while one study from Canada (26) showed a sensitivity of 29.1 but a specificity of 95.6%.
In addition, the lower sensitivity found for P. falciparum antigens detected by the antibodies used on the OptiMAL strips, in this study, agrees with previous reports (17, 18, 20, 24) with 6-57% differences in sensitivity but with specificities similar to those found in our study. Moody (4) , in a large study with 636 patients with malaria symptoms from Sub-Saharan Africa, showed sensitivities for the OptiMAL test of 96, 95.3, 57 and 47% for P. vivax, P. falciparum, P. ovale, and P. malariae, respectively, and specificities of 100% for P. falciparum and 94% for the other species, when compared with the microscopic diagnosis. They suggested that the lower sensitivity of the tests for P. falciparum infections were due to the fact that only gametocytes at low densities were present.
Miller et al. (27) , evaluating the treatment of malaria by OptiMAL and conventional microscopy in 12 patients from Thailand infected with P. falciparum without clinical complications, found that the color intensity in the reactive strips for the OptiMAL test decreased with the levels of parasitemia, also showing that sensitivity was 88% when the density of gametes was ≥100/µL and 35% for densities of <100/µL. This agrees with our results regarding parasitemia and the sensitivity of OptiMAL. However, even at high parasitemia (>5000 parasites/µL), 5 false-negative results were reported for this test, which showed lower sensitivities than the other two methods at any parasitemia level.
The OptiMAL test shows sensitivity similar to those reported for other dipsticks, such as ParaSight and ICT Malaria Pf/Pv, which ranged from 86-100 and 58-96%, respectively (3, 20, (28) (29) (30) (31) (32) (33) Coleman et al. (35) evaluated the efficacy of the ICT Malaria Pf/Pv in a large study of 559 asymptomatic patients from an endemic area of Thailand using conventional microscopy as the reference method, and found that the sensitivity for P. falciparum dropped from 100 to 23.3% when the parasitemia was below 500 trophozoites/µL. For P. vivax infections, the sensitivity dropped from 66.7% to 0 at parasitemia below 500 trophozoites/µL. In our case, diagnostic agreement for OptiMAL, was similar for both species but also dropped drastically in samples with <500 parasites/µL.
Our results allow us to recommend the use of both microscopy and PCR for the characterization of any diagnostic test, since by using both techniques we can obtain 100% certainty of the results. It is especially important to use PCR for the species-specific diagnosis to evaluate the treatment of malaria, since resistance to the drugs used is species-specific, so that the treatment of one type of malaria will probably not cure the other (14) .
We recommend the use of PCR for the accurate diagnosis of infections in population-based studies that will allow the establishment of better relationships among the epidemiological factors that can affect the endemicity of malaria. In addition, the use of PCR-based techniques is most valuable for the evaluation of drug treatments as well as for diagnosing the emergence of drug resistance in specific areas. Thus, we recommend the incorporation of the PCR technique into the Reference Centers of government institutions responsible for malaria control, the evaluation of diagnostic tests, the verification of the quality of the microscopic diagnosis at each diagnostic center, as well as the monitoring of the emergence of resistant strains of Plasmodium parasites.
